, there is no robust breeding program that can effectively develop and detect the heat-tolerant traits in the country (Khan and Kabir 2014) . With such a demand for wheat it becomes increasingly important to optimise yields and this is where GGE biplot analysis can be used to identify high-yielding varieties with improved tolerance to stress (Koutis et al. 2012 ). This analysis is useful to study complex genotype (G) and G × environment (G×E) interactions, as occurs in multi-environment breeding trials (Koutis et al. 2012; Frutos et al. 2014; R Core Team 2016) . Therefore, this study employed a GGE biplot analysis to identify heat tolerance in wheat genotypes, with the aim of selecting suitable genotypes for cultivation in heat-prone areas.
Materials and methods

Locations of the experiment
The experiment was carried out over two consecutive years (November to March, 2012 March, -2013 and 2013-2014 (Y2) ) in four agricultural research centres/stations of the Bangladesh Agricultural Research Institute (BARI), namely: (i) the Regional Wheat Research Centre (RWRC; 23° 59' 19.21" N, 90° 24' 36.65" E; 13.1 masl), Gazipur-Joydebpur in agro-ecological zone 28 (AEZ-28) (Modhupur Tract); (ii) the Regional Agricultural Research Station (RARS; 24° 56' 6.14" N, 89° 55' 56.86" E; 21.6 masl), Jamalpur in AEZ-9 (Old Brahmaputra Floodplain); (iii) RARS (23° 11' 14.52" N, 89° 11' 11.99" E; 10.4 msal), Khaertala-Jessore in AEZ-11(High Ganges River Floodplain) and (iv) the Wheat Research Centre (WRC; 23° 11 ' 14.52" N, 89° 11' 11.99" E; 10 .4 masl), Nashipur-Dinajpur in AEZ-1 (Old Himalayan Piedmont Plain) (FRG 2012).
Soil characteristics and meteorological information
Soils at the experimental sites were analysed before sowing, as presented in Table 1 . Soil pH was measured in a soil/water suspension (1:2, w/v) using a glass electrode pH meter. Organic carbon, N, P, K, S, Zn and B were determined by the established standard methods presented in detail by Jahan et al. (2018) . Soils in AEZ-28, AEZ-9, AEZ-1 and AEZ-11 were weakly acidic, strongly acidic, very strongly acidic, and neutral, respectively. Organic matter content in all AEZs was low while total N was very low. Phosphorus (P) in AEZ-28 and AEZ-11 was very low but in AEZ-9 and AEZ-1 it was high. Potassium (K), S, B and
Introduction
Wheat is the most important cereal crop worldwide, with approximately 1.2 billion people dependent on it, while an additional 2.5 billion people globally with income less than $US 2 a day also consume some wheat (Rosegrant and Agcaoili 2010; Hossain and Teixeira da Silva 2013) . The global demand for wheat is expected to increase by 40% to 775 Mt by 2020 rising to 883 Mt by 2050 (Rosegrant and Agcaoili 2010) . Conversely, a 2-3°C rise in global temperatures (Lobell et al. 2008; Rosegrant and Agcaoili 2010) will reduce wheat production by 20-30% by 2050 in developing countries that produce approximately 65% of all wheat (CIMMYT-ICARDA 2011). However, 10-15% gains in yield in zones at high latitude regions cannot begin to compensate for this 65% loss (OECD-FAO 2009) .
In South Asia, climate change has always affected food and economic stability (Hossain and Teixeira da Silva 2013) , but the risks to food security caused by climate change, particularly to agriculture, will likely be higher (Wheeler and Von Braun 2013) . Among the SouthAsian countries, Bangladesh is a highly densely populated country, where the current demand of wheat is 5.9 million tons with demand increasing by 10% per year (BBS 2016) . Therefore, to meet the demand of wheat for an increasing population, greater efforts are needed to develop new wheat varieties with higher grain yield (GY) potential and to develop and adopt improved crop management practices (Timsina et al. 1998; . The IPCC (2014) noted that wheat production is most threatened by heat all over the world, including in South-Asian countries like India, Bangladesh and Nepal. Faisal and Parveen (2004) , as well as Hossain and Teixeira da Silva (2013) projected that wheat production in Bangladesh might drop by 32% by 2050 due to an increase in temperature. As a result, Bangladesh will have to import more wheat to meet the food demand of an increasing population .
There are two ways to mitigate heat stress in wheat, either by developing and practicing improved heat management practices, or by developing and using heat-tolerant cultivars (Farooq et al. 2011; Hossain and Teixeira da Silva 2012) . Modern wheat varieties are not sufficiently heat-tolerant and are susceptible to extreme abiotic stresses (Hussain et al. 2016) . Developing cultivars tolerant to heat is challenging for wheat breeders (Farooq et al. 2011; Hossain and Teixeira da Silva 2012) .
Even though researchers in Bangladesh are trying to develop wheat varieties that are tolerant to heat stress (Farooq et al. 2011; Hossain and Teixeira da Silva 2012; Hossain and Teixeira da Silva 2013; Hossain et al. 2011;  days after sowing (DAS). Second and third irrigations were applied at the booting stage (45-50 DAS, which varied with sowing dates) and the grain-filling stage (70-75 DAS), which also varied with sowing dates.
Data collection, processing, and analysis
The crop was harvested plot-wise at full maturity. Sample plants were harvested separately from an area of 3 m × 1.2 m (i.e., 3 m long with six middle rows to avoid border effects). The harvested samples from of each plot were bundled separately and tagged. Bundles were thoroughly dried under bright sunshine until fully dried, then threshed. GY was adjusted at the expected 12% moisture content.
GGE biplot analysis
GGE biplot analysis is a useful tool for data analysis, with visual displays, from trials conducted in multiple environments, and is also useful for plant breeders and geneticists to study complex GE interactions (Frutos et al. 2014; R Team 2016) . Specifically, in the GGE biplot analysis, two-way data from multi-location trials are displayed visually as the G main effect and the G×E interaction effect (Gabriel 1971; Koutis et al. 2012 ).
Data analysis
Before calculating the GGE biplot analysis, GY data for each wheat genotype across locations and sowing dates for each year as well as GGE biplot analysis were subjected to statistical analysis using R package 'stats' (version 2.15.3), with "R" at the 5% significance level (R Core Team 2013).
Ethical approval:
The conducted research is not related to either human or animal use.
Zn contents were below critical levels. Overall, with the exception of P, all nutrients were deficient in all AEZs. Daily maximum and minimum temperatures and rainfall (by rain gauge) were measured in each site (Figure 1 ). The HOBO U12 Family of Data Loggers (MicroDAQ.com) was used to record temperature at the meteorological stations of RARS, Jamalpur, Jessore, the RWRC at Rajshahi and Gazipur, and at the WRC at Dinajpur.
Experimental design and treatments
A split plot design was used with three replications. Treatments were six sowing dates (in the main plots) and six genotypes (in the subplots). The genotypes in all four locations were evaluated under six growing environments: early sowing (ES) sown on 10 November; optimum sowing (OS) sown on 20 November; slightly late sowing (SLS) sown on 30 November; late sowing (LS) sown on 10 December; very late sowing (VLS) sown on 20 December and extremely late sowing (ELS) sown on 30 December. Six wheat genotypes were used, including three existing elite varieties ('BARI Gom 26', 'BARI Gom 27', 'BARI Gom 28') and three advanced lines ('BAW 1130', 'BAW 1138', 'BAW 1140').
Seed rate, fertilizer and irrigation management
Wheat, pretreated with fungicide (Provax-200 WP (manufactured by Chemtura Corp., USA), was sown at 120 kg ha -1 to achieve about 85-95% seed germination. Fertilizers were applied at rates recommended by the WRC (Hossain and Teixeira da Silva 2012): 100, 27, 40, 20 of N, P, K, and S and 1 kg ha -1 of B. Two-thirds of recommended N and the full amount of other fertilizers were applied during final land preparation, remaining N fertilizer being applied 17-20 days later, immediately after the first irrigation, at the crown root initiation stage, i.e., at 17-20 
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Total rainfall ( was found in 'BARI Gom 27' when sown under ES, OS and SLS. In Jessore, 'BARI Gom 28' also resulted in greatest GY under all sowing dates, followed by 'BAW 1140' under ES and VLS, while smallest GY was found in 'BARI Gom 27' on all sowing dates ( Table 2 ). The exception was Dinajpur, where greatest GY was found in 'BARI Gom 26' for all sowing dates in both years, followed by 'BAW 1140' under ES and OS, and 'BARI Gom 28' under SLS, LS, VLS and ELS. Smallest GY was found in 'BARI Gom 27' under ES, OS and SLS, and 'BAW 1138' under LS, VLS and ELS. When all sowing dates were considered, all genotypes had highest GY under OS and worst GY under ELS. Except for AEZ-1, 'BARI Gom 28' resulted in greatest yield in all AEZs at all sowing conditions in both years, followed by 'BARI Gom 26' (Table 2) .
Results
Grain yield
The GY of wheat genotypes across sowing dates and locations was significantly different in both years ( Table 2 ). The following trends were observed: in Gazipur, 'BARI Gom 28' showed greatest GY under all sowing dates in both years, followed by 'BARI Gom 26' under ES, OS, SLS and ELS, whereas 'BAW 1130' resulted in lowest GY under ES, OS and SLS, 'BAW 1138' under LS, and 'BARI Gom 27' under VLS and ELS (Table 2 ). 'BARI Gom 28' also resulted in greatest GY under all sowing dates in Jamalpur, followed by 'BAW 1140' under ES, OS and SLS, and 'BARI Gom 26' under LS, VLS and ELS. However, smallest GY were the least desirable genotypes in terms of GY in both years ( Figure 3 ).
Ranking of sowing environments for suitability of genotypes
Figure 4 reveals an ideal test environment located at the centre of the concentric circles. In our study, sowing on November 20 in both Jessore and Jamalpur in Y1 and on November 20 and 30 in Jamalpur in Y2 are closest to the point and are thus the highest-yielding options, whereas sowing on December 30 in Jamalpur in Y1 and December 20 in Jessore in Y2 were the lowest-yielding sowing dates for all genotypes (Figure 4) .
Discussion
Temperature and rainfall variations across seasons and locations
Temperature can influence the rate of water supply and other substrates required for growth and development and can thus modify the phenological development rates from germination to physiological maturity. However, the responses vary depending on varieties and phenological stages (Wahid et al. 2007 ). Late-planted wheat plants shorten
GGE biplot analysis 3.2.1 Yield stability of wheat genotypes under early and late sowing conditions
Figure 2 (left and right boxes) has no scales and is rowmetric preserving. The single-arrowed line shown in the average environment coordination (AEC) view of the GGE biplot is the AEC abscissa (AEA), pointing to a higher mean yield across environments. From the results it is apparent that 'BAW 1140' showed the greatest average yield in Y1 (2012-13) and 'BARI Gom 28' in Y2 (2013-14) , whereas 'BARI Gom 27' had the smallest mean yield in both years. AEC crosses through the origin of the plot and is perpendicular to the AEC abscissa, suggesting greater variability in both directions. Hence, 'BAW 1138' was most variable in both years while 'BAW 1140' was most stable in Y1 and 'BARI Gom 28' in Y2.
Ranking of genotypes under early and late sowing conditions
In the GGE biplot ( Figure 3 , left and right) the arrow shows the location of an ideal genotype. The genotypes located close to the arrow-line are the most desirable. Thus, 'BAW 1140' was the most desirable genotype in Y1 and 'BARI Gom 28' in Y2. However, 'BAW 1138' and 'BARI Gom 27'
Figure 2: Yield stability of tested six wheat genotypes (green colour) in four locations, experienced as early and late sown heat stress, when grown under six sowing dates. Gaz, Gazipur; Jam, Jamalpur; Jess, Jessore; Din, Dinajpur; N10, November 10; N20, November 20; N30, November 30; D10, December 10; D20, December 20 and D30, December 30. Treatment details are also available in Table 2 GGE biplot GGE biplot
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Figure 4: Ranking of tested six wheat genotypes suitable for early and late sown heat stress, grown under six sowing dates. Gaz, Gazipur; Jam, Jamalpur; Jess, Jessore; Din, Dinajpur; N10, November 10; N20, November 20; N30, November 30; D10, December 10; D20, December 20 and D30, December 30. Treatment details are also available in Table 2 Hossain et al. 2012a,b) . Germination can occur between 4 and 37°C, with the optimal range lying between 12 and 25°C (Acevedo et al. 2002) . Chakrabarti et al. (2011) reported that air temperature <15°C is unsuitable for vegetative growth and the development of spring wheat in India.
their life duration to escape high temperature at the grainfilling stage (Hossain and Teixeira da Silva 2012; Mondal et al. 2016) . High temperature reduces the number of days to physiological maturity as well as the duration of grainfilling, ultimately reducing wheat yield (Mahboob et al. 2005;  across all environments while 'BARI Gom 26' and 'BARI Gom 27' had the smallest GY in all locations in both years. According to Frutos et al. (2014) , the single-arrowed line or the AEA points to a higher GY across environments. On the other hand, the AEC ordinate passes the plot origin and is perpendicular to the AEC abscissa and points to greater variability (poorer stability) in either direction (Koutis et al. 2012; Frutos et al. 2014) . The inference from this is that 'BAW 1140' is highly stable, followed by 'BARI Gom 28', whereas 'BARI Gom 27' was highly unstable under ES and LS conditions in all locations in both years ( Figure 2 ). An important characteristic feature of an ideal test environment is for it to be most informative as well as most representative. Such an environment is a point on the AEA in the positive direction (most representative), with a distance to the biplot origin equal to the longest vector of all environments (most informative) (Koutis et al. 2012; Frutos et al. 2014 ). The arrow, as shown in the GGE biplot analysis in Figure 3 (left and right arrow), indicates the location of an ideal cultivar (Frutos et al. 2014) . Its projection on the AEA was designed to be equal to the longest vector of all cultivars, and its projection on the AEC was obviously zero, meaning that it is absolutely stable. Therefore, genotypes located closer to the ideal genotype are more desirable than others (Yan and Tinker 2006) . Based on recommendations of previous studies (Yan and Tinker 2006; Frutos et al. 2014) , 'BAW 1140' and 'BARI Gom 28' were found to be more desirable (i.e., close to left and right arrow) in both years, whereas 'BAW 1138' and 'BARI Gom 27' (distant from left and right arrow) were the least desirable genotypes in both years ( Figure 3 ).
As found in previous studies, the arrows for wheat sowing on November 20 and November 30 are closest to this point (concentric circle) in both Jessore and Jamalpur in both years and were thus the best genotypes for selection. On the other hand, the arrow for wheat sowing on December 20 followed by December 30 in all locations in both years were farthest from the point, so they are considered to be the poorest dates for selection of cultivars for wide adaptation across the study regions (Figure 4 ).
Conclusion and recommendations
When considering GY, 'BAW 1140', 'BARI Gom 28' and 'BARI Gom26' performed best while 'BARI Gom 27' and 'BAW 1130' performed poorest under heat stress in all four locations and for all six sowing dates in both years. Based on GGE biplot analysis for yield stability, when ranking genotypes and environments, 'BAW1140' was found to be highly stable, followed by 'BARI Gom 28' and 'BARI Gom In the present research, temperature at the germination stage after ES was higher than after OS and at the grain-filling stage was lower than OS, both of which ultimately reduced GY. However, under OS, the mean minimum temperature ranged from 10 to 12°C while the mean maximum temperature ranged from 20 to 25°C (Figure 1) , both of which were suitable for wheat growth and development. Under SLS, LS, VLS and ELS, temperatures at the germination stage were very low and at the grain-filling stage they were higher, which ultimately shortened the life cycle and thus reduced GY (Figure 1) . Our results fortify previous results in Bangladesh where a temperature less than 10°C during wheat germination increased the time for germination of several promising wheat genotypes (Hossain et al. 2011; Hossain et al. 2012a,b) .
Grain yield of wheat genotypes sown under multiple environment
In the present research, all genotypes resulted in highest GY under OS and lowest GY under ELS in all locations (Table 2) . Gazipur had the largest GY, followed by Jessore and Dinajpur, while Jamalpur was unsuitable for the tested genotypes. This was due to temperatures at the germination stage of ELS being very low while those at the grain-filling stage were higher. This combination ultimately shortened the life cycle and reduced wheat GY ( Figure  1) . The results of the present study are also supported by previous results in Bangladesh (for example Hossain and Teixeira da Silva 2012; Hossain et al. 2011; 2012a,b) where sowing wheat earlier than the optimum time exposed the different phenophases of wheat to high temperature stress during the vegetative phase while late sowing affected both vegetative and reproductive phases. In those studies, late sowing exposed seed to low temperatures (<10°C) during germination and then high temperatures (>25°C) during the reproductive phase, which ultimately affected the GY of several wheat genotypes. In the current research, 'BARI Gom 28' performed best under all sowing dates while 'BARI Gom 27' performed poorest. 'BARI Gom 26' and 'BAW 1140' displayed intermediate performance. This is due to variation in genotype responses to heat and hence differences in their ability to tolerate heat (Ramya et al. 2015) .
GGE biplot analysis
According to the GGE biplot analysis (Figure 2 ), 'BARI Gom 28' had the greatest GY followed by 'BAW 1140'
